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1. Introduction
Composite materials are increasingly used to manufacture air-
craft and aeronautic structures due to their excellent mechanical
properties and their low density. In particular carbon/epoxy lami-
nates (CFRP) represent probably the best combination of matrix and
reinforcement in terms of strength to weight ratio. During ﬂight,
landing and take off, aeronautic structures could be subjected to
several types of loads, both static and dynamic and in particular
impacts. It is important to highlight that laminates are quite sen-
sitive to impact loads, in particular when they are applied
perpendicularly to the plane. The ﬁrst attempts to understand the
behaviour of composite laminates under high velocity impact were
done around 1970, mainly by the military administrations; for
example it is possible to ﬁnd NATO documents regarding this subject.
In the 1980s and in the 1990s some articles were published re-
garding the high velocity impact on composite laminates, mainly
from an experimental perspective [1–5]. Those works were the ﬁrst
that analysed the different failure mechanisms that appear under
impact conditions.
From the 2000 several works have been published about the effect
of low and high impact velocities of metallic fragments on carbon/
epoxy laminates from both experimental and numerical perspective.
An analysis from the experimental point of view of the behaviour
of carbon/epoxy laminate under impact of small hard fragments can
be found in several works [6–17]. In addition, due to the intense
use of computational tools to model the behaviour of structures
under different kind of loads, several articles have focused their at-
tention in the development of constitutivemodels for thesematerials
[17–19].
Many efforts have been done to study the response of laminate
structures subjected to the impact of hard bodies, nevertheless it
is worth to mention that the debris which impact a composite struc-
ture could be hard or soft bodies. In the ﬁrst group are included
metallic pieces left in the runaway, or fragments from an uncontained
engine failure; the second group is related mainly to bird strike or
ice impacts. Ice impact could come from hailstone, and also could
be formed in convex structures (such as blade propellers or leading
edges) that could be released when they reach a critical mass. There-
fore it is necessary to understand how that kind of impacts affect
the composite structures.
The behaviour of composite laminates under high velocity
impacts of soft bodies has received less attention because of its
higher complexity: in those problems both the impactor and the
target get deformed (rigid body assumption for the debris is no longer
possible). Johnson and Holzapfel [20] in 2003 published an article
in which gelatine (to study the bird impact) was launched at high
velocity against a curvedwoven composite structure; they show that
the laminate failure was mainly due to ﬁbre cracking and delami-
nation, but without providing an analysis of the effect of the impact
energy on the damage induced. A very similar approach was per-
formed by McCarthy et al. [21] in 2004, launching gelatine against
a real leading edge including ribs. Hou and Ruiz [22] in 2007
performed high velocity impact tests of gelatine on different
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tiles were launched against composite laminates in a wide range of velocities
(50 250 m/s). Two diﬀerent ice diameters (40 and 50 mm) and two laminate
thicknesses (4 and 6 mm) were considered. The internal damage was measured
using both destructive and non-destructive techniques, which allow an accurate
quantiﬁcation of the delaminated area. Finally the inﬂuence of the diﬀerent
parameters considered on the damage of the laminate is analysed by means of
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composite plates (at different impact velocities) with an extensive
analysis of the damage mechanism.
Another soft impactor which is important for the aeronautic in-
dustry is the ice. To study the effect of high velocity impacts on
composite laminates, it is necessary to understand how the ice
behaves at high strain rates. The mechanical behaviour of the ice
has been widely investigated from the ﬁelds related to geology,
mainly from the oil and gas industries; nevertheless the behaviour
of the ice under impact conditions has received less attention. The
ﬁrst works related to the mechanical properties of the ice are dated
in the 1980s and the 1990s [23–26]. The main conclusions of those
works were that the microstructure and the temperature affect con-
siderably the properties of the ice under quasi-static conditions; in
addition a transition from ductile to brittle behaviour was found
at low strain rates (below 10 2 1− −s ). This is a very important con-
clusion, since it means that in applications such as the one studied
in the present work (high velocity impacts), it is necessary to con-
sider the ice as a brittle material. Regarding the behaviour of ice
under high strain rates, different authors [27–33] have studied both
experimentally and numerically the high velocity impact of ice
against rigid panels. One of the main conclusions extracted was that
the micro-structure does not play an important role under these
conditions, and that a correlation exists between the impact force
and the kinetic energy.
The number of works that have studied the effect of a high ve-
locity impact of ice on composite laminates are scarce. The ﬁrst
studies found dated on the 2000, when Kim et al. [31,34] analysed
the effect of the high velocity impact of ice spheres of different di-
ameters (up to 50 mm) on woven carbon/epoxy panels. They were
the ﬁrst in identifying the damage failure mechanisms that appear
in this kind of impacts; they also considered different ice struc-
tures, ﬁnding no dependence. Finally, for each combination of ice
mass and laminate thickness, the minimum kinetic energy (failure
threshold energy) that produces any type of damage was ob-
tained. More recently in 2009 Asp and Juntikka [35] performed
experimental tests of ice spheres (up to 50mm) on non-crimp fabric
composites analysing, bymeans of micrographs, the damagemecha-
nisms that appear in that type of laminates. In the same year Hong
et al. [36] performed experimental tests of ice particles (around 3mm
in diameter) at very high velocity (up to 900 m/s) on fabric lami-
nates; the authors analysed the damage pattern and also the debris
produced due to the high velocity impact. Juntikka and Olsson [37]
also performed experimental tests on carbon/vinylester non-
crimp fabrics, obtaining the impact velocity necessary to promote
delamination; in addition an analytical model to predict this ve-
locity was proposed. In 2011, Appleby-Thomas et al. [33] studied
the effect of multiple impacts of small ice projectiles (22 mm of di-
ameter) on carbon/epoxy woven and non-crimp fabric; an analysis
of the damage extension and the residual strength is performed.
Finally in 2012 Rhymer et al. [38] performed impacts of ice spheres
on hybrid panels composed by glass/epoxy and carbon/epoxy plies.
They calculated the damaged area with different non-destructive
techniques, and evaluated the failure threshold energies and
velocities.
It is worth to mention that it was not possible to ﬁnd any work
which studies the high velocity impact of ice on thick (up to 6 mm)
and large (300 × 300) composite tape laminates, being this archi-
tecture the most common in the civil aircraft industry. The
aforementioned works which study the ice impact on woven or tape
laminates always consider small thickness (up to 4 mm) in large
panels (close to 300 300 2× mm ) or larger thickness (up to 6 mm)
in small panels 100 150 2× mm ; it is important to highlight that the
characteristic length of composite panels in aircraft structures (dis-
tance between stringers) is approximately 300 mm.
The objective of this work is to analyse the inﬂuence of the high
velocity impacts of ice spheres on a carbon/epoxy tape composite
laminate. Two different ice diameters (40 and 50mm) and two lami-
nate thicknesses (4 and 6 mm) are studied. In order to study the
inﬂuence of the impact, the non-destructive techniques C-scan and
phase-array are used to precisely quantify the internal damaged area;
in addition, a laser extensometer was used to measure the dis-
placement of the centre of the plate during the impact. A further
analysis of the inﬂuence of each of the parameters studied is carried
out. The following section presents the experimental methodolo-
gy used in the impact test, describing the methodology to obtain
the ice projectiles, the CFRP coupons used and the experimental
devices. In Section 3, the results of these impact tests are given. Sub-
sequently a discussion of the results based in a dimensionless
parameter is proposed. Finally, the conclusions of the work are
presented.
2. Description of the experiments
Experimental tests of high velocity impacts of ice spheres against
carbon/epoxy tape laminates were performed at the Impact Labo-
ratory of the University Carlos III of Madrid. In this section, the
materials and the experimental devices used in the tests are
explained.
2.1. Ice sample preparation and composite coupons
The ice projectiles were obtained following a two step manu-
facturing process. In the ﬁrst step, an ice block in which the air
bubbles are concentrated at the bottom is manufactured; in the
second step the ice is melted into the desired shape by means of
two pre-warmed aluminium blocks and a combination of gravity
load and heat conduction. This melting process avoids to use any
carving process which can produce cracks inside the ice projec-
tile. It is worth to mention that the micro structure of the ice block
obtained is columnar granular which is different from the hail-
stones formed in nature; nevertheless the results showed by Kim
et al. [31] concluded that the effect of micro structure of ice can be
neglected under impact conditions (at high strain rates). A more de-
tailed description about the ice projectile manufacturing process
can be found in a previous work of the same authors of the current
[30]. The selection of the ice diameter was done based on the natural
distribution of hail sizes measured in different airports under severe
storms. The diameter of the hail follows a normal distribution, in
which the 90th percentile corresponds to 44.7 mm and the 95th to
50.8 mm [31,32]. In addition, the European Aviation Safety Agency
[39] considers severe in-ﬂight hail (category 2 damage), when it has
an approximate diameter of 50mm. It was considered for this work
that a size of 50 mm in diameter (57 g of mass) could represent a
large hail, whereas 40 mm (29 g of mass) is representative to a
medium size hail.
Since the ice properties exhibit a sensible dependence with the
temperature [23], in order to assure a constant temperature of the
projectile during the test, the ice spheres were kept at − °12 C almost
2 hours before impact. Impact tests were conducted under room con-
ditions due to the fact that the impact results are independent from
the room temperature as it is shown in the works of Render and
Pan [40,41]; also the composite laminates were kept at room
conditions.
The compositematerials chosen for these experimental tests were
unidirectional carbon/epoxy laminates manufactured using auto-
clave methods. These materials and process were chosen because
they are commonly used in the aeronautic industry; the manufac-
turing process was carried out by the Spanish National Institute of
Aeronautical Techniques. All panels used in these studies were square
plates of 300 mm side, with two different thicknesses 4 and 6 mm.
The laminates were composed respectively by 21 and 32 plies of
AS4 ﬁbres with 8552 epoxymatrix, manufactured by Hexcel. Table 1
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shows the ply sequence of the different laminates employed in the
test; both sequences were chosen due to their widespread use in
the industry.
2.2. Test procedure
In order to perform the high velocity ice impact tests, a one stage
pneumatic launcher with a 5 m long barrel and a 60 mm of calibre
(Fig. 1) was used. The launcher uses compressed air to impel the
projectile; the pressure used in the test can be varied, in order to
reach different impact velocities. Two laser barriers are located at
the exit of the barrel muzzle in order to measure the projectile ve-
locity before impacting the composite target. Laminates were
clamped using a steel frame located in front of the cannon, leaving
a free span of 280 280× mm. Since no panel perforation was ex-
pected, a laser extensometer (MEL-M27L/20) was placed at the back
of the composite coupon. It allows to measure the out-of-plane
displacement of the laminate centre during the impact process; the
maximum range of the laser is 20 mm, which is high enough to
measure the laminate maximum deﬂection. The impact event has
been recorded by means of a high speed camera (Photron Ultima
APX); the lighting was provided by an HMI lamp. A setup scheme
of the experiments can be observed in Fig. 2.
A sabot was developed to launch the ice due to the difference
between the calibre of the barrel and the ice diameter. The sabot
was made of polyurethane foam, which isolates thermally the ice
(Fig. 3). In addition it also protects the ice during the acceleration
in order to avoid the appearance of cracks. The aerodynamic design
of the sabot allows to deﬂect its trajectory in order to avoid its impact
on the target. Using this setup, the ice spheres impact perpendicu-
larly to the plane of the composite laminate in a velocity range
between 50 and 250 m/s.
After the test, composite laminates were analysed using both de-
structive and non-destructive techniques. The C-scan was used to
measure the total delaminated area with precision. The phase-
array system was used to evaluate the position of the delamination
along the thickness, which will help on the understanding of the
failure process. Finally, some of the laminates were cut using a
diamond saw (Well model 3242) avoiding any modiﬁcation of the
existent damage; this cut will allow to observe damages through
thickness of the laminate.
Table 1
Ply sequence of laminates used.
Laminate Ply sequence Thickness
21 Plies 45 45 90 0 90 45 45 90 0 90 0/ / / / / / / / / /− −( ) ′S 4 mm
32 Plies 45 45 90 0 90 45 45 90 0 90 45 45 90 90 45 45/ / / / / / / / / / / / / / /− − − −( )S 6 mm
Fig. 1. One stage pneumatic launcher.
Fig. 2. Experimental scheme.
Fig. 3. Section of 40 mm diameter ice with sabot inside the barrel.
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3. Analysis of impacts on composite panels
The damage induced in the composite plates by the ice impact
has been analysed from different points of view: visual external in-
spection, deﬂection of the plates during the impact and internal
inspection (using both non-destructive and destructive tech-
niques). In this section, the results of this study are presented.
3.1. Visual inspection
The impacted laminates only show barely visual external
damages. The composite plates impacted at low velocity (or low
kinetic energy) do not show any sign of damage in any of its faces;
neither in its front face (where the projectile impacts), nor in its
back face. As the kinetic impact energy increases, external damage
appears ﬁrstly in the back face of the specimen in the form of ﬁbre
debonding (Fig. 4). Higher impact kinetic energy promotes exter-
nal damages at the impacted face laminates, as can be shown in
Fig. 5, where a 4mm thickness laminate (impacted at ~ 1200 J) shows
some ﬁbre tows debonded; the back face of the laminate shows
similar damages as previously described.
For the different laminate thicknesses and ice diameters studied
in this work, no differences were found in the type of external
damages or in the order of apparition (as the kinetic impact energy
increases). Nevertheless the impact energy at which damage appears
in the front and back faces is different for each combination of pa-
rameters (laminate thickness and ice diameter). Table 2 summarizes
the values of the critical kinetic impact energies and impact ve-
locities at which the back face shows damage. In all of the cases
studied, the ice projectile did not perforate nor produced a visual
crack all through the thickness of the plates. This kind of failure is
different from the one observed by other authors in woven lami-
nates [31]. Other authors [38] which studied hybrid tape laminates
do not report this kind of damage probably because of the hybrid-
ization (laminates were made from carbon/epoxy and glass/epoxy
plies) or because the energies considered were lower.
3.2. Composite plate deﬂection
The displacement of the centre of the plate, measured by the laser
during the impact, is shown for different projectile diameters and
velocities in Fig. 6. When the plates are impacted, the deﬂection
grows until reaching a plateau and then decreases to zero at around
1−1.2ms. As expected, the higher the impact velocity, the higher the
deﬂection. It is important to note that impacts at higher velocities
present a sudden increase in displacement at the end of the plateau.
This kind of response is usually associated to a change in the stiff-
ness of the composite plate. Since boundary conditions do not change
during the impact test, it is reasonable to relate the reduction of
the stiffness to the appearance of damage in the plate in the form
of delamination. Finally, regarding the inﬂuence of the projectile
diameter on the deﬂection, it is worth to mention that the same
behaviour is observed; the only difference is that a larger diame-
ter (and hence mass) promotes larger displacement values. Same
trend with different values is observed for the 6 mm thickness
laminates.
Fig. 7 summarizes the maximum values of out-of-plane
displacement measured by the laser during the impacts. The dis-
placement increases with the impact velocity; the combination of
the bigger ice projectile and the thinner laminates induces the
maximum displacements as expected. The relation between the dis-
placement and the impact velocity seems to be linear with low
spread; the sudden increase related to the internal damage
Table 2
Critical energies for the visual damages observed at the back face.
Plate thickness ϕ Projectile Critical velocity (energy) for visual damage
4 mm 40 mm 199 575m s J/ ∼( )
50 mm 160 725m s J/ ∼( )
6 mm 40 mm 242 850m s J/ ∼( )
50 mm 223 1400m s J/ ∼( )
Fig. 4. Visual damages in a 4 mm plate impacted by a sphere of 50 mm at 154 m/s (675 J).
Fig. 5. Damage at front face in a 21 plies laminate impacted by a sphere of 50 mm
at 200 m/s (1140 J).
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(previously described) is relatively small, and hence no apprecia-
ble change in the slopes of Fig. 7 can be observed.
3.3. Impact process
The impact tests were recorded using a high speed video camera
in order to analyse the impact process and correlate it with the dis-
placement response of the plate obtained by means of the laser
extensometer. Fig. 8 shows different frames of an impact, synchro-
nized with the measurements obtained by the laser extensometer
(the example corresponds to a 50 mm ice projectile diameter im-
pacting at 200m/s (the impact energy of this test is ~ 1140 J) against
a 4 mm composite plate). The corresponding instant in the deﬂec-
tion curve is indicated by a vertical line. It is observed that, as soon
as the ice projectile impacts the plate, it becomes completely
Fig. 6. Displacement out of laminate plane of the central point during the impact for 21 plies laminate.
Fig. 7. Maximum displacement measured by the laser for the two plate thickness
and different projectile diameter.
Fig. 8. Impact sequence frames and displacement history synchronized for an impact of 50 mm ice projectile diameter at 200 m/s (1140 J) against a 4 mm composite plate.
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fragmented losing its transparency due to the appearance of new
surfaces in the cracks that reﬂect the light [30]; at that instant the
displacement starts to increase (Fig. 8(b)). Since the thickness re-
duction of the plate is negligible, the displacement of the front face
and back face could be considered the same. At t = 0.75 μs in Fig. 8(d)
some ﬁbre debonding can be distinguished at the upper left quarter
of the composite plate (as indicated in the previous section). This
kind of damage does not reduce signiﬁcantly the stiffness of the plate,
and the displacement measurement is not affected appreciably. In
fact, a few microseconds later (Fig. 8(e)), the displacement history
shows the sudden increase already commented; since no differ-
ence in the external damage is appreciated, the change of stiffness
could be associated to an internal damage of the laminate. Finally,
the last image of the impact process shows that once the maximum
peak displacement is reached, the ice projectile is completely de-
ﬂected in a direction parallel to the laminate surface, and the force
performed tends to zero.
3.4. Destructive and non-destructive inspections
In order to study the internal damage of the plates, ultrasonic
techniques were used before (to assure the panel integrity) and after
the impact. Fig. 9 shows the C-scan inspection of different CFRP lami-
nates; Fig. 9(a) depicts a 6mm plate impacted by 40mm ice projectile
at 150 m/s in which no delamination (depicted in blue) is ob-
served; Fig. 9(b) and (c) show plates which contain different amount
of delamination (depicted in red). The C-scan results of most of the
impacted plates show extreme situations; no delamination or a great
amount of delamination appears, only a few plates show partly de-
lamination as can be observed in Fig. 9(b). The composite panels
that exhibit delamination correspond to the ones that show a sudden
increase in the deﬂection (previously explained).
The summary of delaminated area versus the impact velocity for
both thicknesses and ice projectile diameters is shown in Fig. 10.
These graphs show that the transition between zero delamination
Fig. 9. Ultrasonic scan of laminates impacted at different velocities.
Fig. 10. Delaminated area against impact velocity for the two plate thickness and different projectile diameter.
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to full delamination (delaminated area greater than 75%) occurs in
a narrow range of velocities. In fact it is possible to deﬁne a criti-
cal velocity (for each ice diameter and composite thickness
combination) that establishes this sudden transition.
In order to study the location of internal damages and conﬁrm
that themain damage produced corresponds to delamination, B-scan
analysis as well as through thickness cuts have been performed.
Fig. 11 shows both inspections for a section at themiddle of the lami-
nate specimen; in the B-scan the delamination is depicted in red
and in the through thickness it is highlighted in yellow. Both images
show that the delamination appears mainly between two plies that
are close to the back face; in addition it is possible to observe that
the delamination zone ends close to the clamping area. Since the
identiﬁed delamination is located approximately at one-third of the
laminate thickness (close to the rear face), a reduction of the lami-
nate stiffness is expected, which could explain the sudden increase
in the deﬂection time history curves.
Once the panels are analysed using different techniques, it is pos-
sible to state that the minimum impact energy needed to promote
delamination is lower than the one needed to promote external
debonding. For instance a 4 mm thickness composite panel im-
pacted with a 40mm diameter ice, exhibits delamination for impact
velocities of approximately 170 m/s, which corresponds to 420 J;
the back face debonding appears for an impact velocity of 199 m/s,
which corresponds to an energy of 575 J.
4. Discussion of experimental results
In this section a discussion about the inﬂuence of the param-
eters considered on the damage induced in the composite plate is
performed. Additionally, a deﬁnition of a dimensionless variable has
been proposed to include the effect of all the studied parameters.
This proposed variable could be used by researchers and engi-
neers in preliminary estimations for designing laminates that could
be subjected to ice impact. This variable will be used to calculate
the critical velocity that produces damage in the composite plate.
4.1. Analysis of impact parameters
Delamination is the main damage mechanism that composite
laminates exhibits. In order to analyse under which circum-
stances it appears, Table 3 summarizes the critical velocities (Vc) and
the critical kinetic energies (KEc) needed to promote this type of
failure. The critical velocity is obtained using Fig. 10, by perform-
ing an average of the marked zone (which corresponds to the abrupt
transition from no delamination to full delamination). For all the
combinations of ice diameter and composite thickness, the impact
velocity (or kinetic energy) needed to induce internal damage is
lower than the one needed to induce external damage (Table 2). This
is an important conclusion since it means that internal damage could
exist without any external visible evidence.
The analysis of the inﬂuence of ice projectile diameter and lami-
nate thickness could be performed using Table 3. Concerning the
projectile diameter, it is necessary lower impact velocity to produce
delamination as the ice diameter increases (and therefore the mass),
which is also an expected result. However, kinetic energy has an
opposite trend, in fact as the diameter increases, the kinetic energy
needs also to be increased. This last result could be explained taking
into account that larger projectiles have larger frontal area (Af); the
smaller the area, the more localized is the impact, promoting easily
the apparition of delamination. In fact the critical impact kinetic
energy per unit of area (KEc/Af) is approximately constant for each
laminate thickness (Table 3).
As expected, the higher the laminate thickness, the higher the
impact velocity (or kinetic energy) necessary to promote internal
damage. In order to evaluate the dependence of that parameter,
Table 3 shows in its last column the value of KE A tc f( ) where t is
the laminate thickness. The values obtained are almost constant for
the four cases analysed, and hence it is possible to state that the
ice projectile kinetic energy needed to promote delamination in the
composite panel is proportional to the frontal projectile area and
to the laminate thickness:
KE A t C KE C A tc f c f( ) = ⇒ = ⋅( )1 1 (1)
where C1 685 10∼ ⋅ is the constant obtained.
In order to analyse if this constant deﬁnes the transition between
no delamination to full delamination with accuracy, Fig. 12 shows
this transition; in this plot the x axis is the variable KE A tf( ) = ξ
(where KE is the kinetic energy of the impact) and the y axis is the
delaminated area which varies from 0% to 100%. The graph con-
ﬁrms that the variable ξ describes with enough accuracy if a
determined test promotes delamination or not. The constant C1
Fig. 11. B-Scan and through thickness cut of a 4 mm thickness composite plate impacted by a 40 mm diameter ice projectile at 193/s (540 J).
Table 3
Threshold velocities for different plate thickness and ice projectile diameter.
Plate
thickness
Projectile
ϕ
Vc (KEc) KEc/Af KE A tc f( )
4 mm 40 mm ∼ 172 429m s J/ ( ) ∼ 341 103 2⋅ J m/ ∼ 85 106 3⋅ J m/
50 mm ∼ 153 667m s J/ ( ) ∼ 340 103 2⋅ J m/ ∼ 85 106 3⋅ J m/
6 mm 40 mm ∼ 212 652m s J/ ( ) ∼ 519 103 2⋅ J m/ ∼ 86 106 3⋅ J m/
50 mm ∼ 188 1010m s J/ ( ) ∼ 513 103 2⋅ J m/ ∼ 85 106 3⋅ J m/
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appears to be the value that indicates the transition between no
damage and full damage.
4.2. Validation with other results
The variable ξ obtained in the previous section should be com-
paredwith experimental results performed by other authors in order
to verify its validity. To perform this comparison, a dimensionless
form of this expression should be used. This new variable ξ* is ob-
tained converting to dimensionless each of the three parameters:
KEc, t and Af. A dimensionless version of the critical kinetic energy
is obtained dividing it by the energy absorbed by one interply
through delamination, which is G LIIc 2 , where GIIc is the interlaminar
fracture toughness in mode II (the delamination growth is sup-
posed to be dominated by this opening mode) and L is the length
side of the free area of the composite panel. The dimensionless ice
frontal area is obtained dividing it by L2. Finally the dimensionless
laminate thickness is achieved dividing it by L also. The expres-
sion for the dimensionless variable ξ* is:
ξ* = KE L L
A tG L
c
f IIc
2
2 (2)
Rearranging the terms and using the extended expressions for
KEC and Af the equation leads to
ξ φρ* = V L
tG
c
IIc
2
3
(3)
where ρ is the ice density. The corresponding value for ξ* at which
the transition occurs between no delamination and full delamina-
tion is ξ* ∼ 3 104⋅ (using G J mIIc = 750 2/ [42]). Eq. (3) could be used
to deﬁne a threshold between no delamination to full delamina-
tion for any variable. In particular it will be interesting to check if
it deﬁnes adequately the critical velocity, which in fact is the impact
velocity threshold. Fig. 13 shows the experimental tests accom-
plished in the current work, plotting the impact velocity in the y
axis and the projectile diameter in the x axis; the tests in which de-
lamination appears are represented with an “x” and the ones that
do not are represented by a circle. The blue line is the Eq. (3) in the
form:
V
tG
L
c
IIc
=
3ξ
ρφ
*
(4)
It is clear that this function divides the tests in the two afore-
mentioned groups (Fig. 13) for both the projectile diameters analysed.
The tests in which there is delamination remain above the line,
whereas the non-delaminated tests stay below it. As shown in Fig. 10
the critical velocity is a range rather than an exact value; this is the
reason why, due to the experimental dispersion, there are two speci-
mens slightly misplaced. As expected this threshold line decreases
as the projectile diameter increases. Comparing the two ﬁgures (for
4 and 6mm laminate thickness respectively), the critical impact ve-
locity increases with the laminate thickness.
The proposed equation has proven to be valid in the range of pa-
rameters studied in the present work. In order to study if it is
valid in a wider range, the experimental results from Kim et al. [31]
are going to be used. In this work the composite panel size is
305 305 2× mm (free span of 260 260 2× mm ) and the ice diameters
studied are φ = 25 4 40 7 50 8. , . , . mm. The material of the panels was
the same as that used in this work, but with another architecture
(woven 8 harness satin); the thickness was also different 1.22 and
2.44mm. Fig. 14 represents the threshold velocity as function of the
ice projectile diameter; in this graph the triangular markers cor-
respond with the threshold velocities obtained by Kim et al. [31],
and the lines with the equation proposed in the current work (Eq.
(4)). Appropriate values were used for the variables L (obtained from
the article of Kim et al. [31]) and GIIc (obtained from Ref. [42,43]).
It is clear that the trend is the same, and that some differences exist
although they are within reasonable limits taken into account the
simplicity of the equation, and that some differences exist between
the experimental setups of the two works.
Fig. 12. Delaminated area versus the non-dimensional variable ξ.
Fig. 13. Experimental and proposed damage threshold for both laminate thick-
nesses and ice diameters.
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4.3. Implications for design of composite structures
The data and the analysis presented in this study for different
laminate plates and different ice projectile diameters allow pro-
posing a guidance in safe design for composite plates against ice
sphere impact. To this end, using the aforementioned equation it
is possible to deﬁne threshold design curves, which are repre-
sented in Fig. 15. In this graph, the critical laminate thickness is
represented in the y axis, and the impact velocity in the x axis; dif-
ferent curves exist for the different ice diameters. For a given ice
diameter and impact velocity, the graphs deﬁne the critical lami-
nate thickness where a sudden transition between no delamination
to full delamination occurs. For instance the critical laminate thick-
ness for a 40 mm ice diameter projectile impacting at 150 m/s will
be 3mm. Hence a thickness of 4mm (3mmpromotes damage) could
be a good start point to perform more accurate simulations or
perform experimental tests.
5. Conclusion
In this work the analysis of the thread of ice projectiles in com-
posite laminates has been accomplished. High velocity impact tests
have been performed in a wide range of impact velocities, for two
different hail diameters and two different composite thicknesses.
An experimental procedure has been developed in order to launch
ice spheres at high velocities perpendicular to composite lami-
nates. To this end a special experimental setup was developed
measuring the out-of-plane displacement of the central point of the
laminate and synchronizing the signal with the video recorded.
Moreover a complete non-destructive study of the damage has been
accomplished using different ultrasonic techniques. The data col-
lected from the experimental results allow studying the inﬂuence
of the different parameters studied in the internal damages of the
laminates. The main conclusions are as follows:
– The ice sphere projectiles do not penetrate the composite lami-
nates in the range of study; the ice get fragmented during the
ﬁrst instants of the impact and the small particles deﬂect and
spread along the composite plate reducing the penetration ca-
pability of the projectile.
– The main damage observed in the laminates was inter-lamina
failure. The delamination appears before any visual damage could
be observed in the specimen. In most of the cases the failure ex-
tension is massive when a certain impact velocity is reached. This
transition velocity has been measured through an extensive ex-
perimental campaign for both ice diameter and thickness.
– The out-of-plane displacement measured during the impact
suffers a sudden increase followed by a plateau which ends with
a smooth decreasing for the cases in which the laminate does
not show delamination. In the delaminated ones, the plateau
present a small peak that can be related to the damage apparition.
– The ultrasonic techniques allow to locate the delamination
through the thickness of the plate. The inter lamina failure
appears near to the back or not impacted face of the composite
plate. Moreover the destructive techniques assure that the main
damage is the delamination.
– The experimental results allow to deﬁne the inﬂuence of the dif-
ferent parameters considered (laminae thickness and ice projectile
diameter), through the deﬁnition of a dimensionless variable. This
variable could be used as pre-design tool to perform prelimi-
nary analysis.
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Fig. 14. Comparative thresholds for the experimental results obtained by Kim et al.
[31] and the proposed in this article.
Fig. 15. Proposed safe design curves for unididrectional AS4/8552 (300 300 2× mm )
against ice sphere impacts.
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